Light stimulates the accumtulation of cytoplasmic and plastid rRNA in the cotyledons of mustard (Sinapis alba L.) seedlings. This effect is mediated by phytochrome. Continuous far red irradiation and brief red light pulses (the effect of which is reversible by brief far red light pulses) increase the amount of 1.3 X 106 + 0.7 X 106 and 1.1 X 101 + 0.56 X 106 molecular weight rRNA species. Large and small ribosomal subunit RNAs are maintained in a 1 :1 molar ratio in both cytoplasm and plastids, irrespective of seedling age and light treatment. Continuous white fluorescent light (which saturates chlorophyll synthesis) is less effective than contintuous far red light (essentially no chlorophyll synthesis) in producing the response, indicating that the accumulation of plastid rRNA is independent of the buildup of a functional photosynthetic apparatus. We conclude that the transcription of cytoplasmic and plastid rRNA cistrons is uinder phytochrome control.
The involvement of phytochrome in the control of RNA metabolism of higher plants is well documented (2, 10, 20, 27, 32) . So far there is no information regarding the species of RNA affected or the mechanism(s) by which the observed responses on the RNA level are produced. This situation is especially unsatisfactory because the only general hypothesis put forward until now to explain the phytochrome-mediated photomorphogenesis in molecular terms postulates specific derepression and repression of gene activities as a mechanism of phytochrome control. This "hypothesis of differential gene activation and gene repression" by Pfr (16, 25) accounts for the differential control of enzyme synthesis by Pfr (17) , but efforts to find verifying evidence on the level of direct gene products (e.g. mRNA) have been unsuccessful (2) . Other workers have concluded that phytochrome does not operate through the regulation of transcription (11) .
We decided to investigate the question of phytochrome-controlled transcription on the level of ribosomal RNAs. These analytically well defined RNA species are products of the most abundant single transcription process going on in a growing cell.
They can be separated and quantitatively analyzed by gel electrophoresis (13) which furthermore permits the discrimination 'This work was supported by Deutsche Forschungsgemeinschaft (SFB 46 ). between nuclear and plastid origin of rRNAs. There is now strong evidence for the coding of plastid rRNA by plastid DNA (6, 34) . Evidence for a direct control of plastid development by phytochrome has recently been reported (33) . The investigation of phytochrome control over both nuclear (eucaryotic type) and plastid (procaryotic type) gene transcription is of great theoretical interest because it may present an opportunity to study the molecular mechanism by which phytochrome-or, more likely, a molecular signal triggered by phytochrome-can regulate gene activities in the two different transcription systems. In the present paper we report on the influence of phytochrome on the accumulation of cytoplasmic and plastid rRNA (1.3 (8, 12) , when the MgCl2 concentration in the extraction buffer was 2 mm but not when it was 10 mM (Fig. 1) (17, 31) . Since the amount of DNA is essentially constant during the relevant period of seedling development and not influenced by light in 36-hr-old mustard cotyledons (31) , "pair of cotyledons" is largely equivalent to "unit DNA" or a constant number of cells. The "unit protein" as a system of reference is inappropriate since the changes in total protein content are dominated by the breakdown of reserve proteins in mustard cotyledons.
RESULTS AND DISCUSSION Electrophoretic profile of rRNAs. Figure 1 shows some representative densitometer scans of the high mol wt rRNAs from cotyledons and hypocotyl of mustard seedlings. As previously shown for other higher plants (4) , there are four main peaks which, on the basis of their electrophoretic mobility, can be attributed to the 1.3 x 106 and 0.7 X 106 mol wt species of cytoplasmic ribosomes and the 1.1 x 101 and 0.56 X 10' mol wt species of plastid ribosomes. Profiles obtained with RNA preparations from isolated mustard plastids showed only the two latter peaks (data not shown). On the other hand, RNA preparations from mustard hypocotyls (which have only poorly developed plastids) contained only traces of the plastid fractions (Fig. ld) . Besides a small shoulder corresponding to about 0.85 x 101 mol wt which was consistently observed in the profiles (Fig. 1) , there was no indication of degradation of any of the four rRNA fractions. RNA preparations from isolated mustard mitochondria produced an electrophoretic pattern which was close to that of the cytoplasmic rRNAs. However, due to the very low relative amounts a contribution of mitochondrial rRNA can be disregarded in the present paper. The data of Figure 1 provide the justification for attributing the peak areas of 1.3 x 106 + 0.7 X 106 mol wt species and 1.1 x 106 + 0.56 X 106 mol wt species to the cytoplasmic and plastid rRNA, respectively.
In the cotyledons of 36-hr-old dark-grown mustard seedlings, only the cytoplasmic rRNA peaks are clearly detectable on the profiles (Fig. la) Figure 1 were highly reproducible and could be used for a quantitative estimate of the light f ton the amounts of individual rRNA species. Table I shows that continuous far red irradiation between 36 and 60 hr after sowing stimulates the accumulation of cytoplasmic and plastid rRNAs by almost 70%.
The photomorphogenic effect of continuous far red irradiation which does not support Chl synthesis (14) can be attributed exclusively to phytochrome (high irradiance reaction [16] ). Table I shows that the effect of continuous far red irradiation can be largely replaced by four brief red light pulses, the effect of which is completely reversible by long wavelength far red ("black red") light pulses. The involvement of phytochrome in the light-dependent accumulation of cytoplasmic and plastid rRNA can also be shown by conventional induction/reversion experiments. A measurable contribution of light absorption by Chl (which is formed by the red light pulses) to these photoresponses can be excluded on the basis of the complete reversibility observed.
It should be emphasized that there is no theoretical reason for reaching the same size of responses by continuous far red (high irradiance reaction) and red pulse irradiation treatments in these experiments, since the former is dependent on irradiance and the latter is dependent on the number of pulses given during the experimental period (16) .
Time Course of rRNA Accumulation in Continuous Light. The effect of continuous irradiation with far red and white light on cytoplasmic and plastid rRNA contents of mustard cotyledons is shown in Figure 2 . The amount of rRNA of both cellular compartments increases in darkness up to about 60 hr after sowing and decreases (cytoplasmic fraction) or remains fairly constant (plastid fraction) thereafter. Irradiation with far red or white light commencing 36 hr after sowing leads to a substantial increase of accumulation in both cellular rRNA fractions after a lag of about 6 and 12 hr, respectively. This light-mediated increase is largely restricted to the period, where the rRNA contents also rises in dark-grown cotyledons (36-60 hr after sowing). The decrease of cytoplasmic rRNA starting at about 60 hr after sowing, which indicates a net breakdown of cytoplasmic ribosomes in the later period of cotyledon development, is not influenced by the light treatment. For comparison, the effect of continuous far red light on fresh weight of mustard cotyledons is included in Figure 2 . Although this parameter is also promoted by light, there is no quantitative correlation between time courses of rRNAs and fresh weight. Figure 3 shows the absorbance (i.e. mass) ratio of the two cytoplasmic rRNAs and the two plastid rRNAs, as determined from the respective peak areas. The values obtained lie in the range reported for radish cotyledon rRNAs which are corrected for the breakdown of the 1.1 X 106 mol wt species (8) . The means are close to the theoretical value of about 1.9 expected for a 1: 1 molar ratio of related rRNAs. The consistently lower than expected ratio is probably due to slight differences in the measuring yield of large and small rRNAs. Furthermore, the occurrence of selective breakdown cannot completely be excluded. There is no detectable influence of either seedling age or light treatment on these ratios, indicating that the accumulation of related rRNA species is closely linked.
An effect of white light on the accumulation of cytoplasmic and plastid rRNA has been reported for several higher plants (3, 4, 6, 22, 23) . Especially in the case of plastid rRNA, this effect has been related to Chl synthesis and the build-up of the photosyn- motive effect of phytochrome on the plastid rRNA-cytoplasmic rRNA ratio in apices of etiolated pea seedlings. thetic apparatus during chloroplast development (22) . Figure 2 shows that white light of an irradiance, which is saturating with respect to Chl synthesis of mustard cotyledons, produces a similar time course of rRNA accumulation as far red light but has a somewhat lower effect on both rRNA fractions. Since the standard far red source used in our experiments leads to only negligible amounts of Chl (less than 1.5% of the amount produced by white light after 24 hr of irradiation; H. Kasemir, personal communication), it appears that the light-dependent formation of plastid rRNA and plastid ribosomes is mediated exclusively by phytochrome and is not linked to a concomitant formation of either Chl or photosynthetic membranes. On the other hand, the plastids of far red irradiated mustard cotyledons increase in volume and size of the prolamellar body, acquire a large capacity for Chl synthesis, and produce large amounts of galactolipids, carotenoids, ribulose-1, 5-diP carboxylase, and glyceraldehyde-3-P dehydrogenase (26) . These phytochromemediated responses are temporally closely correlated with the increase in plastid rRNA. It appears, therefore, that phytochrome plays a major role in mediating the light effect on chloroplast development also under conditions of irradiation which permit absorption of quanta by PChl and Chl. Figure 4 shows that the fraction of total rRNA, which is due to plastid rRNA, increases about 3-fold during the period from 36 to 60 hr after sowing. Continuous far red or white light has no influence on this increase, indicating a coordinated promotion of both cytoplasmic and plastid rRNA accumulation by phytochrome during this period of cotyledon development. In darkgrown cotyledons, the relative increase in plastid rRNA contents subsequently slows down and a stationary level of about 29% is approached at about 96 hr after sowing. Under far red or white light, a stationary level in the ratio of cytoplasmic to plastid rRNA is reached at the same time but at significantly higher relative amounts (36 and 32%, respectively). This apparent effect of irradiation reflects the period of net rRNA breakdown in the cytoplasm (Fig. 2) and therefore may not directly be related to a differential effect of phytochrome on the formation of rRNA (and ribosomes) in the two cellular compartments. In principle, the increase of the relative level of plastid rRNA by phytochrome agrees with the findings of Scott et al. (27) who reported a pro-CONCLUSION The data presented in this paper demonstrate the involvement of phytochrome in the photocontrol of the coordinate accumulation of the RNA of large and small ribosomal subunits in the cytoplasm and in the plastids of mustard cotyledons. A difference in the rate of RNA accumulation based on the biological unit (e.g. pair of cotyledons) as a system of reference in a growing tissue can be principally interpreted in several ways. Although the DNA contents of mustard cotyledons, which grow largely by cell expansion (31) , increases somewhat in darkness (1, 31) , no significant influence of continuous far red light on DNA contents could be detected (31) . Selective amplification of rRNA genes which has been reported for certain lower organisms (e.g. 7) has not been found in higher plants (9) . There is also no evidence for an increase of plastid DNA by light in higher plants (5, 28) . It thus seems appropriate to relate the phytochrome-mediated increase of cytoplasmic and plastid rRNA accumulation to a phytochrome-mediated stimulation of the nuclear and plastid rDNA transcription. Experiments to confirm this conclusion on the level of precursor rRNA synthesis are in progress. A preliminary report dealing with this subject is published elsewhere (30) . 56, 1975 
